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C. elegans Class B Synthetic Multivulva Genes
Act in G1 Regulation
tary Experimental Procedures available with this article
online). In addition, we examined the effects of double
inactivation of synMuv genes and lin-35 or cki-1,2 to
Mike Boxem and Sander van den Heuvel1
Massachusetts General Hospital Cancer Center
Building 149
13th Street further explore functional similarity with lin-35 Rb. Muta-
tions in lin-35 Rb pathway genes that act as G1/S inhibi-Charlestown, Massachusetts 02129
tors are expected to increase the number of ectopic cell
divisions caused by cki-1,2 inactivation but should not
affect the lin-35 mutant phenotype. The results of these
Summary assays are summarized in Table 1 and are discussed
below.
The single C. elegans member of the retinoblastoma
gene family, lin-35 Rb, was originally identified as a
synthetic Multivulva (synMuv) gene [1]. These genes No Apparent G1 Function for synMuv
form two redundant classes, A and B, that repress Class A Genes
ectopic vulval cell fate induction [2, 3]. Recently, we lin-35 Rb is a class B synMuv gene that acts redundantly
demonstrated that lin-35 Rb also acts as a negative with class A synMuv genes in vulval fate determination.
regulator of G1 progression and likely is the major Interestingly, we did not observe a role for class A genes
target of cyd-1 Cyclin D and cdk-4 CDK4/6 [4]. Here, we in cell cycle control (Table 1). Mutations in the class A
describe G1 control functions for several other class genes lin-8, lin-15A, and lin-38 did not restore cell divi-
B synMuv genes. We found that efl-1 E2F negatively sion or S phase entry in cyd-1 mutant animals. Moreover,
regulates cell cycle entry, while dpl-1 DP appeared the partial rescue of postembryonic cell divisions in lin-
to act both as a positive and negative regulator. In 35(n745); cyd-1(he112) double mutant animals was not
addition, we identified a negative G1 regulatory func- affected by further introduction of the lin-8(n111) or lin-
tion for lin-9 ALY, as well as lin-15B and lin-36, which 15A(n765) mutations or by lin-15A RNAi (data not
encode novel proteins. Inactivation of lin-35 Rb, efl-1, shown). Therefore, the observed functional redundancy
or lin-36 allowed S phase entry in the absence of cyd-1/ between class A and class B genes in vulval fate deter-
cdk-4 and increased ectopic cell division when com- mination does not appear to apply to G1 regulation.
bined with cki-1 Cip/Kip RNAi. These data are consis-
tent with lin-35 Rb, efl-1, and lin-36 acting in a common
pathway or complex that negatively regulates G1 pro- Regulation of G1 Progression by efl-1 E2F
gression. In contrast, lin-15B appeared to act in parallel and dpl-1 DP
to lin-35. Our results demonstrate the potential for ge- Two of the class B synMuv genes are C. elegans homo-
netic identification of novel G1 regulators in C. elegans. logs of E2F and DP [6]. RNAi of efl-1 E2F caused a cell
cycle phenotype that was strikingly similar to the lin-35
Rb phenotype (Table 1; Figure 1). Inactivation of efl-1Results and Discussion
resulted in multiple rounds of DNA synthesis in the intes-
tinal nuclei (Int) of cyd-1(he112) mutant larvae (averageAs in other metazoans, progression through G1 phase DNA content of 20.5 n  2.1 SEM, Figure 1A). RNAi ofin C. elegans is negatively regulated by a member of
efl-1 also allowed expression of the rnr::GFP S phasethe retinoblastoma tumor-suppressor family and cyclin-
marker in the postembryonic blast cells of cyd-1 mutantsdependent kinase (CDK) inhibitors of the Cip/Kip family
(Figure 1B). In addition, efl-1 RNAi partially restored[4]. The cell cycle role of lin-35 Rb became evident only
postembryonic cell divisions (Figure 1C). Finally, simul-when lin-35 Rb mutations were examined in combination
taneous RNAi for efl-1 and cki-1,2 resulted in a farwith loss of other cell cycle regulators [4]. Inactivation
greater number of intestinal nuclei than inactivation ofof lin-35 Rb overcomes the cell cycle arrest of cyd-1
either efl-1 or cki-1,2 alone (up to 70 ectopic divisions,and cdk-4 mutants [4]. Moreover, inactivation of lin-
compared to, at most, 3 and 26, respectively) (Figure35 Rb together with cki-1 Cip/Kip causes a synergistic
1D). This effect was observed both in a wild-type andincrease in the number of ectopic cell divisions [4] (see
a cyd-1 mutant background and closely resembled thethe cki-1,2 footnote in Table 1).
effect of simultaneous inactivation of lin-35 and cki-To determine whether synMuv genes other than lin-
1,2. As expected, efl-1 RNAi in a lin-35(n745) mutant35 Rb negatively regulate G1 progression, we examined background did not cause any increase in postembry-the cell cycle effects of synMuv inactivation in genetic
onic cell divisions (data not shown). Together, thesebackgrounds sensitized by inactivation of cyd-1, cdk-4,
data indicate that efl-1 acts as a negative regulator ofor cki-1 Cip/Kip. We monitored whether inactivation of
cell cycle entry, either downstream of or in parallel tosynMuv genes in cyd-1 mutants restores expression of
cyd-1. Based on the similarity in phenotype, most of thean S phase reporter (rnr::GFP [5]), allows DNA synthesis,
G1 control function of lin-35 Rb appears to be mediatedand rescues the cell division arrest (see the Supplemen-
in concert with efl-1 E2F.
The presumed protein partner of EFL-1 E2F is en-
coded by the synMuv B gene dpl-1 DP [6]. Interestingly,1Correspondence: heuvel@helix.mgh.harvard.edu
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Table 1. Cell Cycle Regulatory Function of C. elegans synMuv Genes
Suppression of cyd-1 Phenotypec
Methods of Cell DNA rnr::GFP Cooperation with
Genea Homolog Inactivationb Division Synthesis Expressiond cki-1,2e
lin-8 not cloned mutant   ND ND
lin-9 Dm aly mutant/RNAi   NDf 
lin-15A novel mutant/RNAi    ND
lin-15B novel mutant/RNAi    
lin-35 Rb mutant/RNAi    
lin-36 novel mutant/RNAi   f 
lin-37 novel mutant   ND ND
lin-38 not cloned mutant   ND ND
lin-53 RbAP46/48 mutant/RNAig   ND ND
dpl-1 DP RNAi   h 
efl-1 E2F RNAi    
efl-2 E2F RNAi    ND
tam-1 RING finger/B box RNAi    ND
hda-1 HDAC RNAig/TSA   ND ND
chd-3 Mi-2 RNAi    ND
let-418i Mi-2 RNAi i NDi  ND
egr-1 MTA1 RNAi    ND
egl-27 MTA1 RNAi ND j ND j ND j ND
a lin-8, lin-15A, lin-38, egr-1, and egl-27 have been classified as class A synMuv genes, while lin-9, lin-15B, lin-35, lin-36, lin-37, lin-53, dpl-1,
efl-1, tam-1, hda-1, let-418, and possibly chd-3 act as class B genes (however, see [11]). Although efl-2 does not act as a synMuv gene, it
was included because of its homology to E2F.
b To accomplish loss of function, we made use of mutant alleles, RNAi and TSA (Trichostatin A, histone deacetylase inhibitor) as indicated.
The following mutant alleles were used, descriptions of which can be found in [14] or in cited references: lin-35(n745, n2239) I [1], lin-53 (n833)
I [1], lin-8(n111) II, lin-38(n751) II, cyd-1(he112) II [4], lin-36(n766) III, lin-37(n758) III, cdk-4(gv3) X [15], lin-15A(n767) X, and lin-15B(n374) X [16].
c A plus sign indicates a cell cycle effect (see the text and figures for quantitative results). A minus sign indicates that cell division, endoreduplica-
tion, or rnr::GFP expression were identical to cyd-1(he112).
d RNAi was used to examine rescue of rnr::GFP expression.
e Double RNAi for cki-1 and cki-2 was performed, although the effects of cki-2(RNAi) were minimal [4].
f See the Supplementary Material.
g As injection of dsRNA into adults resulted in embryonic lethal progeny, two additional methods were applied to obtain larval phenotypes.
Synchronized L1 larvae were soaked in dsRNA for 24 hr, prior to stimulation of larval development by feeding. In addition, dsRNA was injected
into rde-1(ne219) RNAi-resistant animals [17], followed by mating with cyd-1/ males. The males provide a wild-type copy of the rde-1 gene,
which, upon zygotic expression, allows for a late embryonic or larval RNAi effect.
h dpl-1 RNAi specifically inhibits rnr::GFP expression.
i let-418 has also been named chd-4 and evl-11; see references in [9]. RNAi causes a developmental arrest in the L1 stage.
j egl-27 RNAi causes embryonic lethality and early L1 arrest and was not pursued further.
dpl-1 showed aspects of a positive regulator as well as and efl-2 was found to resemble efl-1 RNAi rather than
dpl-1 RNAi. It remains unclear whether the lack of phe-a negative regulator of S phase entry. In cyd-1(he112)
mutant larvae, dpl-1 RNAi resulted in several rounds of notype was caused by ineffective RNAi or a lack of
efl-2 requirement. Thus, although the partly oppositeDNA replication (Figure 1A) and restored cell division at
a level that was limited (Figure 1C) but synergistically effects of efl-1 and dpl-1 RNAi suggest the presence of
an activating E2F in C. elegans, no such E2F has yetenhanced by simultaneous RNAi of cki-1,2 (Figure 1D,
left). On the other hand, when examined in a wild-type been identified.
Our results are the first demonstration of a generalbackground, dpl-1 inactivation resulted in a decreased
number of ventral cord (P) and intestinal (Int) divisions cell cycle function of C. elegans efl-1 E2F. In combina-
tion with the observed formation of a trimeric complex(Figure 1D, right; [6]). Moreover, dpl-1 RNAi caused re-
pression of rnr::GFP expression in wild-type animals of EFL-1, DPL-1, and LIN-35 in vitro [6], our results sup-
port the model that EFL-1 and DPL-1 heterodimers re-(see the Supplementary Material). Together, these re-
sults indicate that dpl-1 acts both as a negative and a cruit LIN-35 Rb for transcriptional repression of S phase
genes (see below). These observations stress the impor-positive regulator of G1 progression.
Studies in other systems demonstrated that some tance of specific E2Fs as inhibitors of G1 progression.
E2F/DP heterodimeric transcription factors repress
E2F-responsive genes in cooperation with Rb, while oth- NuRD Components and G1 Regulation
Several synMuv gene products are structurally similar toers are predominantly transcriptional activators [7, 8].
Our results indicate that the same model applies to de- components of the nucleosome remodeling and histone
deacetylase (NuRD) complex [1, 9–11]. LIN-35 can inter-velopmental cell cycle control in C. elegans. We wished
to examine whether the only other C. elegans E2F-like act with the NuRD components HDA-1 and LIN-53 in
vitro [1]. These results indicated that recruitment of thegene, efl-2 [6], acts as a transcriptional activator. How-
ever, we did not observe suppression of rnr::GFP ex- NuRD complex is critical to the role of lin-35 Rb in vulval
development. To address if NuRD recruitment is alsopression following efl-2 RNAi, and double RNAi for efl-1
Current Biology
908
Figure 1. dpl-1 DP and efl-1 E2F Regulate G1
Progression
(A) Loss of efl-1 or dpl-1 results in multiple
rounds of DNA synthesis in cyd-1 mutant lar-
vae, as demonstrated by quantitative mea-
surements of DNA content. The total DNA
content of ten intestinal cells (Int) was deter-
mined for animals of indicated genotypes as
described previously [4]. Int cells in wild-type
animals undergo endoreduplication and ac-
cumulate a 32n DNA content. Body wall mus-
cle cells (bwm) are used as a 2n standard.
(B) Loss of efl-1 restores rnr::GFP expression
in cyd-1 mutants. Nomarski (top) and epiflu-
orescent (bottom) images show several P
cells of the ventral cord precursor lineage ex-
pressing rnr::GFP in an efl-1(RNAi); cyd-
1(he112) mutant animal (right), but not in a
cyd-1 mutant animal (left). The scale bar rep-
resents 10 m.
(C) Loss of efl-1 and dpl-1 partially restores
cell division in cyd-1 mutant larvae. The num-
ber of ventral cord neurons (vcn) formed dur-
ing larval development was counted between
the retrovesicular ganglion and P10.p, as well
as the number of intestinal nuclear divisions
(Int) for ten animals of each indicated geno-
type. Wild-type numbers correspond to those
reported previously [18].
(D) efl-1 and dpl-1 cooperate with cki-1 and
cki-2 in negatively regulating G1 progression.
Postembryonic intestinal divisions were de-
termined for 10–20 animals of indicated geno-
types. An elt-2::GFP reporter was used to mark intestinal nuclei. To distinguish cyd-1 mutants from siblings, cyd-1 was marked in trans with
mIn1, which contains an integrated array expressing GFP in the pharynx, controlled by the myo-2 promoter [19].
In all panels, the bars indicate mean  SEM.
critical in G1 regulation, we examined homologs of the postembryonic cell divisions in cyd-1(he112) mutant lar-
vae (Figure 2A; 4.7 P cell divisions, no Int divisions,histone deacetylase, RbAp46/48 (Rb-associated pro-
tein), MTA1 and Mi-2 subunits (Table 1). In general, the n  10). However, in double inactivation experiments,
cooperation was observed between lin-15B and lin-35cell cycle effects of lin-35 Rb inactivation were not repro-
duced by loss of function of NuRD genes (see the Sup- Rb, rather than lin-15B and cki-1,2 Cip/Kip (Figure 2D;
data not shown). Loss of either lin-15B or lin-35 aloneplementary Material). The interpretation of these results
is complicated by redundancies and pleotropic func- did not cause additional cell division, while lin-35; lin-
15B double RNAi resulted in supernumerary cell divi-tions of NuRD genes and the possibility of incomplete
loss of function in our experiments. We consider two sions (Figure 2D; on average, 9.5 extra Int divisions, n
10 animals). This synergistic effect could result frompossible explanations for the lack of cell cycle pheno-
type: NuRD components may not be generally required inactivation of two redundant pathways or from combin-
ing partial loss of function of two genes within the samefor cell cycle inhibition, or a lower level of NuRD function
may be needed for cell cycle inhibition than for vulval pathway. To distinguish between these possibilities, we
used the strong or complete loss-of-function alleles lin-development.
35(n745) and lin-15B(n374) and obtained similar results
(Figure 2D). Therefore, we conclude that lin-35 and lin-The synMuv Class B Genes lin-9, lin-15B, and
lin-36 Encode Novel Negative G1 Regulators 15B act in at least partially nonoverlapping pathways
for G1 control.In addition to cognate components of the mammalian
Rb regulation pathway, we tested five synMuv class B Inactivation of lin-9 or lin-36 restored several rounds of
endoreduplication in cyd-1(he112) mutant larvae (Figuregenes with unknown molecular functions: lin-9, lin-15B,
lin-36, lin-37, and tam-1. Examination of lin-37(n758); 2A). In addition, lin-36 loss-of-function caused signifi-
cant rescue of postembryonic cell division in cyd-1 mu-cyd-1(he112) and cyd-1(he112); tam-1(RNAi) double
mutant larvae did not reveal a G1/S control function for tants, while lin-9 loss-of-function allowed an occasional
division (Figure 2B). Introduction of the strong loss-of-the lin-37 and tam-1 genes (Table 1). However, muta-
tions in three other synMuv B genes, lin-9, lin-15B, and function alleles lin-36(n766) and lin-9(n942) caused simi-
lar results as RNAi, but rescue was not obtained withlin-36, caused a cell cycle phenotype.
A surprising result was obtained for lin-15B: although the hypomorphic allele lin-9(n112) (Figures 2A and 2B
and data not shown). Inactivation of lin-9 or lin-36 re-lin-15B and lin-35 Rb act in a common synMuv B path-
way, these genes do not appear to act in the same stored cell division and endoreduplication in cdk-4(gv3)
and cyd-1(he112) mutant larvae to the same extent (Fig-G1 control pathway. lin-15B RNAi weakly rescued the
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Figure 2. Cell Cycle Roles for lin-9, lin-15B,
and lin-36
(A) Loss of lin-9 or lin-36 results in multiple
rounds of endoreduplication in cyd-1 or cdk-4
mutant larvae.
(B) Loss of lin-9, lin-15B, or lin-36 partly res-
cues cell division defects in cyd-1 and cdk-4
mutants.
(C) lin-36 cooperates with cki-1,2 in nega-
tively regulating G1 progression. Postembry-
onic intestinal divisions were determined for
10–20 animals of indicated genotypes.
(D) lin-15B cooperates with lin-35 Rb. Post-
embryonic intestinal divisions were deter-
mined for 10–20 animals of indicated geno-
types.
(E) An example of the dramatically increased
intestinal divisions in a cki-1,2(RNAi); cyd-
1(he112); lin-36(RNAi) animal. This triple mu-
tant animal contained 87 intestinal nuclei, as
opposed to 16 nuclei in cyd-1 mutants and
34 nuclei, on average, in wild-type animals.
See the legend of Figure 1 for methods. In
(C), (D), and (E), an elt-2::GFP reporter was
used to mark intestinal nuclei. Error bars indi-
cate mean  SEM.
ures 2A and 2B). These results indicate that lin-9 and both required for normal vulval fate determination as
well as cell cycle regulation, and both genes likely actlin-36 act as negative regulators of G1 progression down-
stream of or in parallel to cyd-1 Cyclin D/cdk-4 CDK4/6. downstream of cyd-1/cdk-4 and parallel to cki-1,2 Cip/
Kip. These results are all consistent with lin-36 actingTo examine whether lin-9 and lin-36 may act in the
lin-35 Rb G1 control pathway, we created double loss- in the lin-35 Rb pathway as an inhibitor of G1 progression
(Figure 3).of-function combinations with lin-35(n745) and cki-1,2
(RNAi). Inactivation of lin-9 did not increase the number The sensitized genetic backgrounds that previously
allowed us to detect the G1 control function of lin-35of intestinal divisions when combined with inactivation
of either lin-35 or cki-1,2 (data not shown). However, Rb [4] were used here to identify cell cycle regulatory
functions of other synMuv genes. Our results demon-RNAi for lin-36 and cki-1,2 together resulted in a far
greater number of postembryonic cell divisions than in- strate several important aspects of G1 regulation in C.
elegans. We identified for the first time a role for efl-1activation of cki-1,2 alone, both in a cyd-1(he112) mutant
(Figure 2C, left) and in a wild-type background (Figure E2F and dpl-1 DP in regulating G1 progression. This
validates our assays and emphasizes the conservation2C, right). This effect closely resembled lin-35; cki-1,2
double inactivation. Single RNAi of lin-35 or lin-36 did of the Rb pathway for G1 control in C. elegans. In addi-
tion, we detected novel roles as cell cycle regulators fornot cause supernumerary cell divisions, while cki-1,2
RNAi resulted in, on average, 13 extra divisions in the three additional synMuv B genes: lin-9 Aly, lin-15B, and
lin-36. LIN-9 is a member of a family of proteins con-intestinal lineage. Simultaneous inactivation of cki-1,2
with either lin-36 or lin-35 resulted in, on average, 59 and served from plants to humans [12, 13]. The aly (always
early) gene in Drosophila encodes a member of this52 extra postembryonic intestinal divisions, respectively
(Figures 2C and 2E). In contrast, lin-35; lin-36 double family and has been implicated in transcriptional control
of genes required for spermatid differentiation and cellmutants behaved similarly to lin-35 single mutants in all
assays (data not shown). Thus, lin-35 Rb and lin-36 are cycle progression during male gametogenesis [13]. lin-
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